To evaluate macular function and neural conduction along postretinal visual pathways in amblyopic patients. METHODS. Twenty-five anisometropic amblyopic patients (mean age, 7 Ϯ 1.9 years; visual acuity [VA]: 0.44 Ϯ 0.27 logMAR in amblyopic [AM] eyes and 0.023 Ϯ 0.067 logMAR in sound [SE] eyes) and 25 age-similar control subject ([CE] eyes, VA of 0.0 Ϯ 0.0 logMAR in both eyes) were enrolled. In AM, SE, and CE eyes, simultaneous pattern electroretinograms (PERGs) and visual evoked potentials (VEPs) were recorded in response to checks reversed at the rate of two reversals/second stimulating macular or extramacular areas (the check edge subtended 15 minutes and 60 minutes of visual arc, respectively). RESULTS. Nonsignificant differences (ANOVA, P Ͼ 0.005) were observed in PERG, in VEP responses to the 60-minute stimulus, and in retinocortical time with the 60-minute stimulus (RCT; the difference between VEP P100 and PERG P50 implicit times) between AM, SE, and CE eyes. AM eyes showed a significant (P Ͻ 0.005) increase in VEP P100 implicit time and in RCT in response to the 15-minute stimulus, compared with the values observed in SE and CE eyes. In AM patients, the interocular difference in VA was significantly (Pearson's test, P Ͻ 0.005) related to the interocular difference VEP P100 latencies and RCT with the 15-minute stimulus. CONCLUSIONS. Amblyopic eyes showed abnormal visual cortical responses only when the macular area was stimulated (increase in VEP P100 implicit times with the 15-minute stimulus). This functional impairment, in the presence of normal macular function (PERG responses similar to control eyes) may be attributable to a delay in postretinal neural conduction (increase in RCT). (Invest Ophthalmol Vis Sci. 2010;51: 5041-5048) DOI:10.1167/iovs.10-5412 A mblyopia (AM) is a disorder of the visual system, characterized by reduced visual function in one eye, that has been estimated to affect 1% to 5% of the population.
A mblyopia (AM) is a disorder of the visual system, characterized by reduced visual function in one eye, that has been estimated to affect 1% to 5% of the population. 1 The disorder is associated with strabismus, anisometropia, or a form of deprivation early in life. [2] [3] [4] [5] [6] Several studies have been performed with electrophysiological methods used in humans and in animal models, to investigate the retinal and visual system in AM dysfunction.
Reported findings regarding retinal function are contradictory. The use of electroretinographic signals evoked by flash or patterned stimuli (flash or pattern ERG), which evaluate the function of the outer (preganglionic elements) and the innermost (ganglion cell and their fibers) retinal layers, respectively, [7] [8] [9] showed that AM eyes may present normal and abnormal ERG responses. 10 -19 The function of the entire visual pathway, from photoreceptors to the visual cortex, can be evaluated by visual evoked potential (VEP) recordings, 20 and the presence of abnormal VEP responses has been observed in amblyopia. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Nevertheless, since VEP recordings assess the bioelectrical response of the visual cortex, the observations derived from previous studies [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] do not suggest specific information on whether the reported VEP abnormalities may be selectively related to a retinal dysfunction, a postretinal dysfunction, or both.
That postretinal structures, in particular the lateral geniculate nucleus (LGN), may be involved in AM dysfunctional processes was first suggested by Hubel and Wiesel 33 and later documented in several studies in which morphologic and functional changes of the LGN were detected. 34 -40 At present, we do not have the means of selectively evaluating the function of the human LGN by electrophysiological methods. However, a particular electrophysiological application consisting of simultaneous recordings of PERG and VEP distinguishes macular from postretinal impairments and provides an electrophysiological index of postretinal neural conduction (derived from the difference between VEP P100 and the PERG P50 implicit times), known as retinocortical time (RCT). 41 Indeed, RTC was used to suggest a postretinal dysfunction in glaucoma 42, 43 and this hypothesis was later supported by available histologic studies showing that the glaucomatous damage may be related to an impairment occurring in both retinal structures and in the LGN (see Yücel et al. 44 for a review).
The purpose of our work was to evaluate retinal function and neural conduction along postretinal visual pathways in AM patients by using simultaneous VEP and PERG recordings.
METHODS Patients
Twenty-five anisometropic AM patients (mean age, 7.3 Ϯ 1.9 years) and 25 age-similar control subjects (mean age, 7.2 Ϯ 1.6 years) were enrolled.
Since several diseases may induce changes in PERG and VEP responses, for both patients and control subjects the inclusion criteria were the absence of moderate to dense lens opacities, corneal opacities, glaucoma or ocular hypertension, history of intraocular inflamma-tion such as anterior or posterior uveitis, history of retinal or macular disease or optic neuropathy, history of ocular trauma, and history of diabetes or other systemic or neurologic diseases.
The following methods were used to assess VA and electrophysiological examinations (simultaneous VEP and PERG recordings) in all subjects enrolled.
Best Corrected VA
Best corrected VA was assessed with the modified Early Treatment Diabetic Retinopathy Study (ETDRS) chart. VA was expressed in log-MAR values obtained at a distance of 4 m with the best refractive correction.
Electrophysiological Examinations
In agreement with published studies, 42, 43, [45] [46] [47] [48] [49] [50] simultaneous PERG and VEP recordings were performed with the following methods.
The subject was seated in a semidark, acoustically isolated room in front of the display surrounded by a uniform field of luminance of 5 cd/m 2 . Before the experiment, each subject was adapted to the ambient room light for 10 minutes, with a pupil diameter of approximately 5 mm. Mydriatic or miotic drugs were never used. Stimulation was monocular after occlusion of the other eye. Visual stimuli were checkerboard patterns (contrast 80%, mean luminance 110 cd/m 2 ) generated on a TV monitor and reversed in contrast at the rate of two reversals per second. At the viewing distance of 114 cm, the check edges subtended 60 minutes or 15 minutes of visual angle. We used two different checkerboard patterns as suggested by ISCEV standards 51 to obtain a prevalently macular stimulation (15-minute checks) or a prevalent stimulation of more eccentric retinal areas (60-minute checks). [52] [53] [54] The monitor screen subtended 18°. PERG and VEP recordings were performed with full correction of refraction at the viewing distance. A small, red fixation target, subtending a visual angle of approximately 0.5°(estimated after taking into account spectaclecorrected individual refractive errors) was placed at the center of the pattern stimulus. At every PERG and VEP examination, each patient positively reported that he/she could clearly perceive the fixation target. The refraction of all subjects was corrected for viewing distance.
PERG Recordings. The bioelectrical signal was recorded by a small Ag/AgCl skin electrode placed over the lower eyelid. PERGs were bipolarly derived between the stimulated (active electrode) and the patched (reference electrode) eye according to a published method. 55 As the recording protocol was extensive, the use of skin electrodes with interocular recording represented a good compromise between signal-to-noise ratio and signal stability. A discussion on PERGs using skin electrodes and its relationship to the responses obtained by corneal electrodes can be found elsewhere. 56, 57 The ground electrode was in Fpz. 58 Interelectrode resistance was lower than 3000 ⍀. The signal was amplified (gain 50,000), filtered (band-pass 1-30 Hz), and averaged, with automatic rejection of artifacts (200 events free from artifacts were averaged for every trial), with an electro-oculography system (BM 6000; Biomedica Mangoni, Pisa, Italy). Analysis time was 250 ms. The transient PERG response is characterized by several waves with three subsequent peaks of negative, positive, and negative polarity, respectively. In visually normal subjects, these peaks have the following implicit times: 35, 50, and 95 ms (N35, P50, and N95).
VEP Recordings.
Cup shaped electrodes of Ag/AgCl were fixed with collodion in the following positions: active electrode in Oz, 58 reference electrode in Fpz, 58 and ground in the left arm. Interelectrode resistance was kept below 3000 ⍀. The bioelectric signal was amplified (gain 20,000), filtered (band-pass 1-100 Hz) and averaged (200 events free from artifacts were averaged for every trial) by the electrooculography system (BM 6000; Biomedica Mangoni). Analysis time was 250 ms. The transient VEP response was characterized by several waves with three subsequent peaks of negative, positive, and negative polarity. In visually normal subjects, these peaks have the following implicit times: 75, 100, and 145 ms (N75, P100, N145).
During a recording session, simultaneous VEPs and PERGs were recorded at least twice (2-6 times) and the resulting waveforms were superimposed to check the repeatability of results. For all PERGs and VEPs, implicit times and peak-to-peak amplitudes of each of the averaged waves were directly measured on the displayed records by means of a pair of cursors.
On the basis of previous studies (i.e., Parisi et al. 49 ), we know that intraindividual variability (evaluated by test-retest) is approximately Ϯ2 ms for PERG P50 and VEP P100 implicit times and approximately Ϯ0.25 V for PERG P50 to N95 and VEP N75 to P100 amplitudes. During the recording session, we considered as superimposable and therefore repeatable two successive waveforms with a difference in milliseconds (for PERG P50 and VEP P100 implicit times) and in microvolts (for PERG P50-N95 and VEP N75-P100 amplitudes), less than the values for intraindividual variability. Sometimes the first two recordings were sufficient to obtain repeatable waveforms; other times, however, further recordings were required (but never Ͼ6 in the cohort of patients or control subjects). For statistical analyses, we included PERG and VEP values measured in the recording with the lowest PERG P50 to N95 amplitude.
In each subject or patient, the signal-to-noise ratio (SNR) of PERG and VEP responses was assessed by measuring a noise response while the subject fixated an unmodulated field of the same mean luminance as the stimulus. At least two noise records of 200 events each were obtained, and the resulting grand average was used for measurement. The peak-to-peak amplitude of this final waveform (i.e., average of at least two replications) was measured in a temporal window corresponding to that at which the response component of interest (i.e., VEP N75-P100, PERG P50-N95) was expected to peak. SNRs for this component were determined by dividing the peak amplitude of the component by the noise in the corresponding temporal window. An electroretinographic noise Ͻ0.1 V (mean, 0.082 V; range, 0.064 -0.092 V; resulting from the grand average of 400 -1200 events), and an evoked potential noise Ͻ0.15 V (mean, 0.094 V; range, 0.075-0.118 V, resulting from the grand average of 400 -1200 events) was observed in all subjects tested. In all subjects and patients, we accepted VEP and PERG signals with a signal-to-noise ratio Ͼ2. 
Statistics
Differences in VA and in PERG and VEP results between groups (control eyes of visually normal subjects, AM eyes, and SEs of AM patients) were evaluated by one-way analysis of variance (ANOVA). Pearson's correlation was used to correlate VA and all electrophysiological parameters (PERG, VEP, and RCT). PERG and VEP implicit times and amplitudes and RCT data underwent logarithmic transformation to better approximate a normal distribution. In all analyses, a conservative P Ͻ 0.005 was considered as statistically significant, to compensate for multiple comparisons (P ϭ 0.05; 42 comparison; 0.05/42 ϭ 0.0012 P significance level).
The research followed the tenets of the Declaration of Helsinki and the study was approved by the Local Ethics Committee.
RESULTS
VA, PERG, and VEP data detected in the AM-affected eyes (25 eyes) of AM patients were separated from sound eyes (SE, 25 eyes) of the same AM patients. These results were considered in the analysis in addition to VA, PERG, and VEP data detected in one eye of normal control subjects (CE, 25 eyes).
Visual Acuity
Mean values and relative ANOVA results of VA detected in CE, SE, and AM eyes are shown in Table 1 . AM eyes showed a significant (P Ͻ 0.005) reduction in VA when compared with SEs and CEs. No differences (P Ͼ 0.005) were found between SEs and CEs.
Pattern ERG
Examples of PERG recordings in one CE, SE, and AM eye are shown in Figure 1 . Abnormal PERGs were detected in one SE FIGURE 1. Layout of simultaneous recordings of visual evoked potentials (VEPs) and pattern electroretinograms (PERG) in response to a 60-or a 15-minute checkerboard stimulus, obtained in one CEs, one SE of an AM patient, and one AM eye of an AM patient. CE, SE, and AM eyes showed similar PERG recordings. VEP and RCT recordings were similar between control and SE eyes with both the 60-minute and 15-minute checks. VEP and RCT recordings were similar between control and AM eyes with 60-minute checks, but with 15-minute checks AM eyes showed a delay in VEP implicit times and a longer RCT with respect to CEs and SEs. and in two AM eyes, when compared with normal limits (mean values of control population Ϫ2 SD for P50-N95 amplitude and mean values of control population ϩ2 SD for P50 implicit time).
On average, nonsignificant (P Ͻ 0.005) differences in P50 implicit time and in P50-N95 amplitude were observed between CE, SE, and AM eyes. Mean values and relative ANOVA of PERG results observed in all eyes are reported in Table 2 .
In AM eyes, nonsignificant correlations (P Ͼ 0.005) were found between interocular differences in PERG parameters (P50 implicit time and P50-N95 amplitude) and interocular differences in VA.
Visual Evoked Potentials
Examples of VEP recordings in one CE, SE, and AM eye are shown in Figure 1 . Mean values and relative ANOVA of VEP results observed in CE, SE, and AM eyes are reported in Table 3 .
Abnormal VEPs (normal limits: mean values of control population Ϫ2 SD for N75-P100 amplitude and mean values of control population ϩ2 SD for P100 implicit time) were detected in 2 AM eyes but in none of the SEs with the 60-minute stimulus. On average, nonsignificant (P Ͻ 0.005) differences in P100 implicit time and in N75-P100 amplitude were observed between CE, SE, and AM eyes. Nonsignificant correlations (P Ͼ 0.005) were found in CE, SE, and AM eyes between interocular differences in VEP parameters (P100 implicit time and N75 amplitude) and interocular differences in VA.
Abnormal VEPs were detected in 18 AM eyes but in none of the SEs with the 15-minute stimulus. Figure 2 shows individual values of VEP P100 implicit time plotted against relative values of VA observed in CE, SE, and AM eyes. In AM eyes, the delay in VEP P100 implicit time approached, but did not reach, statistical significance (r ϭ Ϫ0.4771, P ϭ 0.0158), when correlation with the decrease in VA was analyzed.
On average, nonsignificant (P Ͻ 0.005) differences in P100 implicit time and in N75-P100 amplitude were observed between CEs and SEs, whereas AM eyes showed a significant (P Ͻ 0.005) delay in P100 implicit time and a significant (P Ͻ 0.005) decrease in N75-P100 amplitude with respect to SEs and CEs.
Nonsignificant correlations (P Ͼ 0.005) were found in CEs and SEs between interocular differences in VEP parameters (P100 implicit time and N75 amplitude) and interocular differences in VA. A significant correlation (P Ͻ 0.005) was observed in AM eyes between the interocular difference in VEP P100 implicit time and the interocular difference in VA. Nonsignificant correlations (P Ͼ 0.005) were found between the interocular difference in VEP N75-P100 amplitude and the interocular difference in VA. Individual values and relative correlations are presented in Figure 3 .
Retinocortical Time
Mean values and relative ANOVA of RCT results observed in CE, SE, and AM eyes are shown in Table 4 . Abnormal RCTs (normal limits: mean values of control population ϩ2 SD for P100 implicit time) were detected in two AM eyes but in none of the SEs with the 60-minute stimulus. On average, RCT was similar (P Ͼ 0.005) in CE, SE, and AM eyes. Nonsignificant correlations (P Ͼ 0.005) were detected in CE, SE, and AM eyes between the interocular difference in RCT and the interocular difference in VA.
Abnormal RCT was detected in one SE and in 22 AM eyes with the 15-minute stimulus. Figure 4 shows individual values of RCT plotted against the relative VAs observed in CE, SE, and AM eyes. In AM eyes, the delay in RCT correlated significantly (r ϭ Ϫ0.714, P Ͻ 0.001) with the decrease in VA. On average, nonsignificant (P Ͼ 0.005) differences in RCT were observed between CEs and SEs, whereas AM eyes showed a significantly (P Ͻ 0.005) delayed RCT when compared with SEs and CEs. 
RCT is the difference between VEP P100 and PERG P50 implicit times. Data are expressed as the mean RCT Ϯ 1SD. CE, eyes of control subjects; SE, sound eyes of AM patients; AM, amblyopic eyes of AM patients.
Nonsignificant correlations (P Ͼ 0.005) were found in CEs and SEs between the interocular difference in RCT and the interocular difference in VA. A significant correlation (P Ͻ 0.005) was found between the interocular difference in RCT and the interocular difference in VA of AM eyes. Individual values and relative correlations are presented in Figure 5 .
DISCUSSION
The purpose of our work was to evaluate retinal function and neural conduction along postretinal visual pathways in AM patients by using an electrophysiological approach (simultaneous PERG and VEP recordings).
Retinal Function: PERG data
PERG parameters (P50 implicit time and P50-N95 amplitude) evaluate the bioelectrical responses of different retinal elements. In fact, a contribution of preganglionic elements has been suggested in the genesis of the P50 component, 59 and the integrity of the innermost retinal layers (ganglion cell and their fibers) is necessary to obtain a normal PERG P50-N95 amplitude. 59 -62 PERG implicit times and amplitudes were not significantly different in the group of AM patients when compared with control subjects, and this suggests, in agreement with previous studies, 16 -19 that retinal function is similar in anisometropic AM patients and visually normal subjects. In agreement with this hypothesis, no morphologic retinal changes have been identified by the nerve fiber analysis (GDx NFA; Carl Zeiss Meditec, Oberkochen, Germany) in patients with anisometropic and strabismic amblyopia. 63 By contrast, other studies show abnormal ERG responses, suggesting a retinal dysfunction, in human or animal amblyopia.
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Visual Cortical Responses: VEP Data
In our electrophysiological protocol, according to ISCEV standards, 51 we used two sizes of checkerboard patterns: 60-and 15-minute.
Findings in several studies suggest that high spatial frequencies (i.e., 15-minute checks) preferentially stimulate the macular region, which has a much larger cortical representation, as opposed to lower spatial frequencies (i.e., 60-minute checks), which preferentially stimulate more eccentric (peripheral or extramacular) retinal areas. 52, 53 An interesting study performed in patients with macular hole has shown that 15-minute checks stimulate the macular region and that VEPs in response to checks larger than 15 minutes are independent from the macula and may therefore indicate the cortical bioelectrical activity in response to the stimulation of more eccentric retinal areas. 54 Indeed, abnormal VEP responses were detected in these patients only when high spatial frequencies (i.e., 17 minutes) were used. On the contrary, VEPs recorded in response to larger checks (i.e., 34 minutes) showed normal responses notwithstanding the presence of a macular hole in the patients. 54 It is well known that different visual stimuli activate different components of the visual pathways. In fact, when large (60-minute) checks are used in visually normal subjects, VEPs with shorter implicit times are obtained than those in response to small (15-minute) checks. 61 Thus, a visual stimulus consisting of large checks may activate large receptive retinal fields located more peripherally with respect to the central retina, and the bioelectrical signal is driven to the visual cortex by large axons (with a fast neural conduction), which constitute the prevalence of the magnocellular system. By contrast, when small checks (15 minutes) are used, smaller receptive retinal fields located in the central retina are probably activated and, in this case, the bioelectrical signal is driven to the visual cortex by small axons (with a reduced speed in neural conduction), which constitute the prevalence of the parvocellular system. 64 Our AM patients showed abnormal cortical responses (VEP responses with delayed implicit times) only when a macular stimulus (15-minute checks) was used; normal VEP responses were found in the presence of a peripheral stimulus (60-minute checks). That implicit times are prolonged when the central region of the visual field is stimulated is also suggested by results obtained by multifocal VEP recordings in amblyopia. 65 All this suggests that these visual stimuli, and in particular high spatial frequencies (i.e., 15-minute checks), are appropriate to detect abnormal cortical responses in AM patients.
These results suggest that the magnocellular-dependent visual cortical responses obtained in our AM patients are functionally spared in amblyopia, in the presence of a functional impairment of the parvocellular system. This hypothesis is supported by results obtained by other electrophysiological methods 66 and by the measurement of blood flow response in the primary visual cortex by positron emission tomography (PET).
67
Neural Conduction along Postretinal Visual Pathways: RCT Data
The purpose of our study was also to evaluate neural conduction along postretinal visual pathways by using an electrophysiological index derived from the difference between VEP P100 and PERG P50 implicit times, known as retinocortical time. 41 Our AM patients, showed an RCT within our normal limits in the presence of normal PERG and normal VEP recordings, in response to large (60-minute) checks. A longer RCT, together with delayed VEP implicit time and normal PERG, was observed when small (15-minute) checks were used. All this suggests that, in AM eyes, abnormal cortical responses are influenced by a delay in postretinal visual pathways and are independent from retinal function, only when the macular region is stimulated.
Results in studies of glaucoma in which PERG and RCT were used 42, 43 suggest the presence of two sources of functional impairment in this pathologic condition: one at the retinal level (abnormal PERG) and one at the level of the LGN (delay in RCT). This electrophysiological evidence was later supported by histologic studies. 44 RCT cannot be used to selectively differentiate a single structural dysfunction of the postretinal visual pathways (i.e., optic chiasm, LGN, optic radiation) 43 ; yet, an explanation regarding the delay in RCT in AM patients may be offered by the available data reporting the effects of amblyopia at the LGN level.
In fact, histologic studies have shown that morphologic alterations are present at the level of the LGN in experimental animal models of amblyopia as well as in humans with amblyopia. In particular, the cells of the parvocellular system of the LGN receiving signals from the AM eye are smaller and more weakly colored than are normal eye cells. A functional loss of these cells may be due to an improper stimulation of the macular area by unclear images during the critical phase of visual development. It is not yet clear whether LGN alterations occur as primary damage or as a consequence of modification of the visual cortex, which could affect the LGN through a retrograde process. [33] [34] [35] [36] [37] [38] [39] [40] Electrophysiological data (abnormal RCT), obtained with small (15-minute checks) visual stimuli, confirm a possible impairment in the parvocellular system of the LGN in amblyopia. Our results are in agreement with those in another study. 19 However, although simultaneous PERG and VEP recordings were performed in a preceding study, 10 RCT was not evaluated. Therefore, apart from the data proposed by Teping et al., 19 there is no further information in the literature regarding postretinal neural conduction in AM patients.
In humans, the presence of different RCTs between the AM and the sound eye could be the electrophysiological evidence of imbalanced inputs coming from the AM and sound retina to the LGN and consequently to the visual cortex. This imbalance in turn could result in the neurophysiologic mechanism that is at the basis of visual plasticity and that has been well described, beginning with the study by Hubel and Wiesel. 33 The significant correlation between interocular RCT and VA differences suggests that the development of different visual acuities in the AM and in the sound eye may depend on these imbalanced neural conductions.
In conclusion, our results suggest that abnormal cortical responses (delayed VEPs) in AM patients can be ascribed to a delayed neural conduction in postretinal visual pathways (longer RCT) with concomitant presence of normal retinal function (normal PERG).
